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INTRODUCTION
Interest has increased recently in water recycling and reuse. This interest has been stimulated by the recognition that in a growing number of regions large quantities of high quality water may no longer be available at low cost. The possible economic feasibility of reuse and recycling dramatically increases the complexity of designing an optimal water delivery system. The water system designer has available a number of natural sources of water, treatment processes, users and disposal sites. Given the appropriate technical, economic and legal constraints, he must select the least-cost delivery strategy.
Previous water system design models have been applications of the transportation or transshipment formulation of linear programing. Excellent examples of these models can be found in Bishop and Hendricks [1971] , Bishop et al. [1978] , Clausen [1970] , Flinn and Day [1972] , and Joeres et al. [1974] . Models of this type do not incorporate economies of scale associated with transportation and treatment costs. Also, in many models water quality is not explicitly considered within the framework of choosing among several recycling combinations.
The model in this paper allows for economies of scale in treatment and transportation. The quality of the flows is explicitly considered. The possibility of recycling water among many possible treatment processes, users and disposal sites is specifically included.
In the next section we present a physical description of the model. Section 3 offers a reformulation of the model into a nonlinear transportation problem and discusses the model solution. Section 4 discusses three example problems, while the last section provides some concluding remarks. Given the appropriate information, the objective of the modeling effort described here is to determine a system design for providing each user with the desired quantity and quality of water. This design should minimize total cost while meeting all environmental and legal restrictions. The total cost of delivery and disposal is the sum of the piping cost, the treatment costs, the source costs and the disposal costs.
For convenience, the word node is used to designate a source, treatment plant, user or disposal site. It is also useful to separate notationally the nodes which supply flow from the nodes which demand flow. The fact that a node is a flow supplier does not necessarily imply that it originates flow. It may only act as a conduit, receiving flow from some other unit and passing it on. Likewise, the fact.that a node is a flow demander does not require that all flow stop at that node. Let g, total number of available sources of water; gt total number of treatment plants; g• total numberof users; ga total number ofdisposal areas; g• total number of different types of pollutants.
The following sets and subsets can now be defined: It may be noted that some of these sets are redundant. They are defined in this way to enhance the clarity of the model. It or I, will be used whenever flow is coming from a treatment plant or user. Jt or J,, will be used whenever flow is going to a treatment plant or user. 
Constraints (2)-(7) are flow constraints. Constraint (2) states that the total flow from any source cannot exceed the total available water at that source. Constraint (3) assures that the total flow entering a treatment plant and the total flow leaving that plant will be equal. Constraint (4) states that flow entering a treatment plant must be less than the maximum amount which that treatment plant can process. Constraint (5) is used to insure that flow coming to each user will be equal to that user's total demand for water flow. Constraint (6) forces the water leaving each user to be equal to the portion of the total flow which that user does not consume. Constraint (7) insures that a disposal area does not receive water in excess of its capacity.
Constraints (8)- (11) 2  5  12  5  5  15  10  3  20  15  20  25  20  25   4  0  10  5  4  10  8  5  12  0  15  16  5  2  6  7  5  0  5  6  3  7  8  7  2  0  8 In this particular example problem the cost of once through use--that is, source costs plus piping cost plus disposal site cost--is greater than the cost of recycling. The only flow obtained from the sources is necessary to make up the consumptive use of user 7.
Sample Problem 2
For sample problem 2 a number of alterations are made in the A quatown data with the purpose of making recycling less attractive. The cost structure is changed by increasing the cost of treatment and reversing the costs of water at the source. The exact amount of these changes can be seen in Tables 2 and 3 . The high quality water which was relatively less expensive at the source is now relatively more expensive. All disposal charges are also eliminated.
In addition to the cost structure changes, a number of flow and concentration restrictions are altered. The flow available at source 3 was increased from 50 FU to 100 FU (ra). This increases the total flow available at the sources to 200 FU. The total flow demanded by the users can now be supplied from the sources, which was not the case in sample problem 1. In addition, the flow capacities at the disposal sites are increased from 50 FU to 100 FU (Ps and p9). The total disposal capacity is now large enough to support once through water use. The concentration restrictions at the disposal sites are also remarked.
The optimal solution to sample problem 2 is illustrated in Figures 4 and 5 . In spite of the efforts to 'price' recycling out of the solution, the optimal solution is similar to the solution to sample problem 2. The major difference is that the source of 
Sample Problem 3
In sample problem 3, as in sample problem 2, an effort is made to price recycling out of the solution. Again the cost of treatment plants is increased. This is accomplished by increasing the flow scale parameters fi from 0.5 and 0.6 to 0.9 and 0.9, respectively. This increases the incremental costs of treating for recycling.
The optimal solution for sample problem 3, as illustrated in Figures 6 and 7 , is more typical. The sources supply the total user demand. Source 2 routes 100 FU directly to user 7 which disposes of 60 FU at disposal site 9. User 6 obtains its 100 FU from treatment plant 5 which in turn receives 100 FU from There are a number of other interesting trade-offs which are embodied in the proposed model. For example, sewer systems have generally been designed to take advantage of gravity as much as possible. This is fine as long as the goal is simply to remove the effluent from the city and return it to the natural cycle. However, if the effluent is to be reused at a point which is not downstream of the city, it may make sense to incur higher transportation cost in the collection system rather than incurring the transportation cost after treatment of the effluent.
Another interesting trade-off is illustrated in the sample problems. An increase in treatment costs increases the cost of disposal when there are environmental quality standards. One would surmise that this increase would induce more recycling. However, the increase in treatment costs also increases the cost of recycling. The actual outcome depends on how much additional treatment is required for recycling.
There are numerous applications of the model presented above. A water utilities manager or planner could use such a system to plan expansions of existing systems or entirely new systems. The cost implications of various policy proposals could be quickly evaluated. For example, the cost of changes in environmental standards or imposition of an effluent tax could be quickly determined. Regions would no longer be locked into '5-year' capital expansion plans. T. hese plans could be generated continually as new data are obtained.
The gains in realism made by explicit consideration of economies of scale and the quality of the flows should greatly increase the applicability of the systems approach to water delivery planning. The cost of the increased sophistication, as always, is increased solution time and cost. The solution tech-nique outlined in section 3 should minimize the additional computational costs by taking advantage of the transshipment formulations of the flow submodel.
